ABSTRACT Dermatan sulfate, an important member of the glycosaminoglycan family, interacts with heparin cofactor II, a member of the serpin family of proteins, to modulate antithrombotic response. Yet, the nature of this interaction remains poorly understood at a molecular level. We report the genetic algorithm-based combinatorial virtual library screening study of a natural, high-affinity dermatan sulfate hexasaccharide with heparin cofactor II. Of the 192 topologies possible for the hexasaccharide, only 16 satisfied the "high-specificity" criteria used in computational study. Of these, 13 topologies were predicted to bind in the heparinbinding site of heparin cofactor II at a ∼60°angle to helix D, a novel binding mode. This new binding geometry satisfies all known solution and mutagenesis data and supports thrombin ternary complexation through a template mechanism. The study is expected to facilitate the design of allosteric agonists of heparin cofactor II as antithrombotic agents.
G lycosaminoglycans (GAGs) play critical roles in a number of physiological and pathological processes such as hemostasis, inflammation, neural growth, angiogenesis, and viral invasion. These roles arise from their interaction with a multitude of proteins. Yet, the structural elements that induce these interactions remain elusive, except perhaps for the heparin-antithrombin (AT) interaction. [1] [2] [3] A fundamental reason for this poor understanding is their phenomenal structural diversity. GAGs are anionic copolymers of glycosamine and uronic acid residues, which are variously modified through sulfation, acetylation, and epimerization. Added to these variations are the multiple helical structures adopted by polymeric GAG chains. For example, dermatan sulfate (DS) can assume either 2 1 -, 3 2 -, or 8 3 -fold helix. 4 Further compounding the structural diversity is conformational flexibility of the constituent residues. For example, iduronic acid (IdoAp), a residue present in DS and heparin, exhibits four major conformers: 5, 6 This combination of configurational and conformational variations leads to an exponential number of GAG topologies. A simple calculation reveals that 884736 different topologies are possible for a DS hexasaccharide, of which a select few may induce a physiological response.
A potentially powerful approach to address GAG-protein interactions is computational analysis. Yet, modeling GAGs has been problematic due in part to their polyanionic nature and poor surface complementarity. 7, 8 Recently, we developed a combinatorial virtual library screening (CVLS) approach using the genetic algorithm-based automated docking program GOLD and a library of 6859 heparin hexasaccharide sequences. 9 Application of the CVLS methodology to heparin recognition of AT resulted in the identification of several putative "high-affinity and high-specificity" heparin sequences as well as an accurately predicted description of the binding mode of the heparin pentasaccharide H5 ( Figure 1 ) consistent with experimentally determined H5-ATstructureactivity relationships. The success of this approach for the heparin-AT interaction pair suggests its possible use for its sister pair, the DS-heparin cofactor II (HCII) system, which remains structurally undefined and less well-understood at a molecular level.
The DS-HCII system has a number of important physiological roles. [10] [11] [12] [13] HCII is a human plasma serine proteinase inhibitor (serpin) that specifically inhibits thrombin, 14 a key enzyme playing a critical role in hemostasis. The intrinsic specificity of HCII may be a unique advantage because its deficiency does not appear to enhance risk for thrombosis. 15 At the same time, the serpin prevents arterial thrombosis. 11, 12, 15, 16 HCII is also able to inhibit clotbound thrombin, in striking contrast to AT. 17 Despite these advantages, no anticoagulant has yet been developed that utilizes the HCII-based indirect pathway of coagulation regulation.
The inhibition of thrombin by HCII is accelerated nearly 1000-fold in the presence of DS. A rare DS hexasaccharide D6 ( Figure 1 ) has been shown to bind HCII with high affinity, while DS sequences with higher levels of sulfation bind poorly, suggesting significant specificity of interaction. 18, 19 On a three-dimensional level, HCII is structurally similar to AT. For example, Lys114, Lys125, and Arg129, the three key heparin-binding residues in AT, correspond to Lys173, Lys185, and Arg189 of helix D in HCII. Likewise, Arg46, Arg47, Arg132, and Lys133 of AT match Lys101, Arg103, Arg192, and Arg193 of HCII. Yet, H5 (Figure 1) , which recognizes AT with high affinity and high specificity, binds HCII poorly. 20 On the other hand, it is known that DS does not interact with Arg103 and Lys173, 21, 22 as one would expect on the basis of the structural similarity of AT and HCII. Overall, despite the availability of much biochemical data, the structure of the DS-HCII complex remains unknown and unexploited.
In this work, we predict the HCII binding geometry of the high-affinity DS hexasaccharide D6 using the CVLS approach that we developed earlier. 9 To assess how D6 might interact with HCII, we sought to prepare all possible topologies of the hexasaccharide. Thus, using three possible helical folds (2 1 -, 3 2 -, or 8 3 -helices), four possible major conformers ( 1 C 4 , 4 C 1 , 2 S O , and O S 2 ) for IdoAp, and the most favored conformer for galactosamine residue (GalNp) ( 4 C 1 ), 192 topologies (3 Â 4 Â 4 Â 4) were generated for D6 in a combinatorial manner with SYBYL using in-house Sybyl Programming Language (SPL) scripts. The crystal structure of the activated form of HCII was extracted from the S195A thrombin-HCII Michaelis complex (PDB entry 1JMO), 23 which is similar to that of activated AT. 24, 25 Because of its high degree of similarity to the heparin binding site in AT and site-directed mutagenesis studies, the region formed by helices A and D was predicted to be the binding site for D6 in HCII.
Our CVLS approach to understand the interaction of D6 with HCII utilized a variation of the dual-filter docking and scoring strategy tailored for the study of GAG-protein interactions ( Figure 2) . 9 In this strategy, GOLD was used to sample possible interaction poses and assess their fitness to the GOLDScore function. GOLD utilizes a genetic algorithmic search in which an initial population of 100 randomly docked D6 orientations for each topology is evaluated by the scoring function and iteratively improved through a bias for higher scores. The top-ranked solutions for each topology were then subjected to a "specificity" filter in which selfconsistency of docking, when performed multiple times, was assessed. The top two solutions from three independent docking runs (six solutions total) were compared. D6 topologies that had a rmsd among the six solutions of less than 2.5 Å were deemed to be geometries that recognize HCII highly consistently. Such D6 topologies were considered as "high-specificity" topologies. A detailed description of the protocol employed is provided in the Supporting Information.
Of the 192 D6 topologies that were subjected to the CVLS analysis, only 16 satisfied the criterion of "high specificity". Table S1 (see Supporting Information) describes the interactions of the 16 topologies of D6 with key amino acid residues of helices A and D in HCII. The compilation reveals several striking features. Of the 64 possible 8 3 -helix topologies in the Figure 1 . Structures of dermatan sulfate hexasaccharide D6, which is known to bind to HCII, and H5, which is known to bind to AT. pubs.acs.org/acsmedchemlett library, none docked with "high specificity". Of the remaining 128 topologies, two 2 1 -and 14 3 2 -helices satisfied the criterion. The binding modes of these 16 "high-specificity" topologies could be segregated into two major families. The first mode of binding is parallel to helix D (Figure 3a) , a mode nearly identical to that of H5 binding to AT. 24, 25 The second family of D6 topologies interacts with helix D at an angle of roughly 60° (Figure 3b ). Only three topologies fall in the first family, while 13 comprise the latter.
The D6 topologies that dock parallel to helix D do not interact with Arg189 and Arg193, two of the five residues found important for binding DS. [26] [27] [28] At the same time, they engage Arg103, which is known not to play a role in the DS-HCII interaction. 21, 29 Thus, these three topologies were ruled out. Of the 13 topologies that bound at ∼60°angle to helix D, two had a 2 1 -fold helical geometry, while the rest were 3 2 -fold helices. The orientation of each of these topologies is similar and interacts strongly with two critical DS binding residues: Arg184 and Arg189. 26 Yet, significant differences arise in interactions of these topologies with other residues of helices A and D. None of the 3 2 -helix topologies interact with Lys185, which is known to be an important residue for DS recognition. 21 Furthermore, at least five 3 2 -helix topologies interact with Arg103, a residue known to be not involved in DS binding. 21, 29 Thus, the 11 3 2 -helix topologies were ruled out.
This leaves only two 2 1 -helix topologies as possible HCII binding geometries. Of these two, only one, that is, 2 1 -O S 2 3 1 C 4 3 1 C 4 , interacts with all five key amino acid residues known to be involved in binding to HCII (Figure 3b) , while not interacting with Arg103 and Lys173, which are known to be not involved in HCII recognition (see Table S1 in Supporting Information). The 2 1 -O S 2 3 1 C 4 3 1 C 4 topology satisfies all of the known biochemical data. This binding geometry, exhibiting a ∼60°angle with helix D, is radically different from that of pentasaccharide H5 binding to AT, despite a strong degree of structural and sequence similarity between the two serpins.
A key question to address at this point is whether rotameric states of the amino acid residues, especially the positively charged Lys and Arg implicated in binding, are likely to affect the outcome of the computational study. A priori, the surface-exposed Lys and Arg residues are likely to exhibit multiple rotameric states; however, the majority of HCII residues that strongly interact with the 2 1 1 C 4 topology. The residues that are known to not interact with DS also show a similar characteristic. Arg103 is held in place by a hydrophobic groove formed by neighboring residues that restrict its conformational flexibility, while Lys173 is so far away that its side chain flexibility will not play any role. Thus, the conformational states of the side chains constituting the DS binding site are unlikely to drastically change the outcome of the CVLS study.
Support for the validity of the "hit" For example, Scott et al. report that DS adopts a 2-fold helical conformation in solution using NOE spectroscopy. 30 Likewise, Silipo et al. report on the use of NMR and molecular modeling study to show that a DS tetrasaccharide, very similar to D6, exists as four major species in solution, of which two have a 2-fold helical conformation. 31 Additionally, the GalNpN2Ac4S and IdoAp residues of this DS tetrasaccharide possess 4 C 1 and 1 C 4 conformations, respectively, which are similar to the conformations of the residues present in the "hit" D6 topology. 31 Another key test of the novel D6 binding geometry is whether it supports bridged ternary complexation with thrombin, an important mechanism of DS activation of HCII. 32 Overlaying D6 in the novel binding geometry (∼60°to helix D) onto the HCII-T cocrystal structure (PDB code 1JMO 23 ) shows that D6 pubs.acs.org/acsmedchemlett is oriented in the direction of thrombin (Figure 4) . When the D6 sequence was extended by nine disaccharides, in which all IdoAp residues are in the 2 S O conformation, the DS oligosaccharide chain was found to intersect with exosite II of thrombin at Arg93, Arg101, and Lys240 (Figure 4) .
Exosite II of thrombin is a well-studied GAG-binding domain that contributes greatly to HCII as well as AT inhibition of thrombin through the bridging mechanism.
2,32 Comparison of the AT-T and HCII-T cocrystal structures shows that although the serpins are strikingly similar, the position of thrombin in the two is dramatically different (Figure 4) . In addition, the orientation of exosite II is also different. The distance between centrally located thrombin exosite II residue Arg233 and Lys125 in the AT-T system is about 55 Å, while the corresponding distance between Arg233 and Lys185 in the HCII-T system is about 70 Å. Therefore, while a GAG chain parallel to helix D of AT would engage exosite II in thrombin, the same chain oriented parallel of helix D of HCII would completely miss thrombin (Figure 4) . In essence, this analysis strongly supports a novel 60°to helix D binding geometry of D6 onto HCII.
Several aspects of the "hit" D6 binding geometry are interesting. In this geometry, all of the 2-OSO 3 -groups of the IdoAp2S residues (Figure 1) interact strongly with HCII, suggesting a broad interaction interface. It is known that 2-Osulfated IdoAp residues are uncommon in DS GAGs. Three successive IdoAp2S residues are even more so. 18, 19, 33 The extensive interactions of this rare sequence explain why common DS-GAG sequences (with unsulfated IdoAp) are inactive and support the idea that the hexasaccharide D6-HCII interaction is specific. In addition, the skewed ∼60°binding geometry also implicates the 4-OSO 3 -group of D ring and the 6-COO -group of ring A to have strong interactions with HCII ( Figure 5) . In vivo studies in HCII-deficient mice suggest that GalpN2Ac4S is important for HCII-dependent antithrombotic effect, 13 thus lending support to this conclusion. The results lead to a hypothesis that D6 variants devoid of the two key groups (4-OSO 3 -of D and 6-COO -of ring A) are likely to recognize HCII with weak or poor affinity.
The binding geometry implicates Arg464, a hitherto unheralded residue, as being important for D6 recognition. Our results suggest that Arg464 is capable of recognizing D6 in all 16 topologies ( Figure 5) . It is the first time that Arg464 has been implicated in specific recognition of DS and provides a firm hypothesis for testing the CVLS-derived binding geometry. Biochemical studies with a Arg464 mutant HCII could be performed to verify its involvement in the recognition of D6 and DS.
In summary, our combinatorial virtual screening procedure has identified a novel binding geometry for a rare DS sequence that binds HCII with high affinity. The results suggest that this binding is specific. The novel binding geometry (∼60°angle to helix D) supports thrombin binding to HCII through a template mechanism. This is the first application of combinatorial virtual screening for DS-GAGs and affords extraction of a "pharmacophore" involved in DS-HCII interaction, which will greatly aid rational design of agonists and/or antagonists directed toward HCII. Finally, our approach is expected to be generally useful for other GAG-serpin interactions. Computational   experimental procedures and Table S1 . This material is available free of charge via the Internet at http://pubs.acs.org. Table S1 in Supporting Information), which was the only topology found to interact with all amino acid residues important for DS binding as well as not interact with Arg103. See the text for details. Funding Sources: This work was supported by NHLBI Grants HL090782 and HL099420, AHA Grant 0640053N, and the Mizutani Foundation for Glycoscience.
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